Knowledge of prompt fission γ-ray emission has been of major interest in reactor physics for a few years. Since very few experimental spectra were ever published until now, new measurements would be also valuable to improve our understanding of the fission process. An experimental method is currently being developed to measure the prompt fission γ-ray spectrum from some tens keV up to 10 MeV at least. The mean multiplicity and total energy could be deduced. In this method, the γ-rays are measured with a bismuth germanate (BGO) detector which has the advantage to present a high P/T ratio and a high efficiency compared to other γ-ray detectors. The prompt fission neutrons are rejected by the time of flight technique between the BGO detector and a fission trigger given by a fission chamber or a scintillating active target. Energy and efficiency calibration of the BGO detector were carried out up to 10.76 MeV by means of the 27 Al(p,γ) reaction. First prompt fission γ-ray spectrum measurements performed for the spontaneous fission of 252 Cf and for 1.7 and 15.6 MeV neutron-induced fission of 238 U at the CEA, DAM, DIF Van de Graaff accelerator, will be presented.
Introduction
The prompt γ-rays are probably the least known quantity in the study of the energy partition in fission. They also play a significant role in the evacuation of the fission fragments angular momentum and compete in some way with the neutron emission at excitation energies greater than the neutron binding energy in the fragment. Most theoretical and experimental studies were carried out in the 60's and the 70's in spontaneous and thermal fission, and also in the 90's in 252 Cf spontaneous fission. Very few measurements exist in neutron-induced fission. For example, no spectrum or mean multiplicity were ever measured in fast neutron-induced fission. The mean total energy radiated in neutron-induced fission of 238 U was neither measured [1] . However there has been an increasing interest in that field since several years. In particular reactor physics needs to improve the γ-heating models: it was established that the calculations lead to underestimations, which are attributed to the γ-ray production in neutron-induced fission of 235 U and 239 Pu. In thermal and fast neutron-induced fission of both actinides, the OECD organization's Nuclear Energy Agency called for measurements of the prompt fission γ-ray spectrum shape as well as the mean total energy and multiplicity within a 7.5% uncertainty [2] . From a fundamental point of view, new measurements would certainly help understanding aspects of the fission process and would constraint the fragments de-excitation and neutron emission models.
In neutron-induced fission, three measurements of the prompt γ-ray spectrum were published in the past. Pelle et al. [3] measured the absolute spectrum between 0.01 and 8 MeV within 60 ns after thermal fission of 235 U. Verbinski et al. [4] measured, from 0.14 up to 8 MeV, the absolute spectrum within 10 ns after thermal fission of 235 U and 239 Pu. Both 235 U spectra agree rather well. The mean total energy and multiplicity was measured in the thermal fission of 233 U, 235 U and 239 Pu [5] . In fast fission, the only measurement comes from Fréhaut et al. [6] who measured the mean total energy radiated in 232 Th, 235 U, 237 Np fission induced by neutrons ranging from 2 and 15 MeV. In the following, we describe the method used to measure the absolute prompt fission γ-ray spectrum from some tens of keV up to 10 MeV in fast neutron-induced fission. First results are presented in 238 U fission induced by 1.7 and 15.6 MeV neutrons, as well as in 252 Cf spontaneous fission.
Measurement method
The experimental method consists in irradiating an active target with a monokinetic neutron beam. The active target can be a fission chamber or a newly developed scintillating target [7] . A γ-ray detector is placed at a distance from the active target that is chosen in order that the time-of-flight technique allows separating the prompt fission neutrons from the γ-rays. The active target signal allows separating the fission fragments from alphas; it is used as the trigger of the experiment. Then, the γ-ray detector pulse height spectrum associated with the fragments and the γ peak in the time-of-flight spectrum gives the measured prompt fission γ-ray spectrum, assuming an adequate time resolution of the apparatus. Following H.-H. Knitter, U. Brosa et C. Budtz-Jorgensen [8] , more than 90% of the prompt γ-rays are emitted within less than 1 ns. D.C. Hoffman & M.M. Hoffman [9] assert that about 95% of the prompt γ-rays are emitted within less than 10 ns. Moreover, K. Skarsvag [10] showed in the case of 252 Cf spontaneous fission that, at a given emission time, the proportion of evacuated energy is greater than the proportion of the number of emitted γ-rays. So with an apparatus time resolution of ~10 ns, we can think that about 95% of the γ-rays and more than 95% of the total energy can be measured. As no fission axis is preferred inside the active target, the prompt γ-rays measurement is not sensitive to the anisotropy and can be placed at any angle from the axis of the neutron beam impinging the fission chamber. The neutron beam is produced at CEA, DAM, DIF Van The main idea that guided the choice of the γ-ray detector lies in the wish that the detector have the response as close as possible to the ideal one, thus that for an incident energy the proportion of the fully absorbed γ-rays be as high as possible. This should lead to a measured spectrum as little distorted as possible compared to the emission one. This should also lead to uncertainties as low as possible on the final result. That implies that the peak to total P/T ratio of the detector be the highest as possible. Many γ detectors were compared by performing simulations with the Geant 3.21 code [11] . BGO, HPGe, NaI, BaF 2 , LaBr 3 were simulated and the highest P/T ratio was obtained (see Figure 1 ) with a bismuth germanate detector (BGO = Bi 4 Ge 3 O 12 ): for a 2 in. × 2 in. crystal, it is twice greater at 1 MeV and 5 times greater at 10 MeV than that of a LaBr 3 detector. The high values of P/T is due to the quite high value of the effective atomic number Z eff (75), thanks to the high Z value of the Bismuth, and the high density (7.13 g/cm 3 ). To our knowledge, only one detector offers a comparable P/T ratio than that of the BGO detector: the PbWO 4 material was developed for high-energy physics experiments, but its very low light yield prevents using it in the measurement of γ-ray energies lower than several MeV. Moreover, compared to BaF 2 and LaBr 3 of the same 2 in. × 2 in. volume, the BGO detector offers a full-energy peak efficiency more than twice and five times higher at 1 and 10 MeV respectively.
A Φ3 in. × 6 in. BGO detector (Φ7.6 cm, H15.2 cm) was bought from Scionix Holland BV, equipped with a Photonis XP 3330 photomultiplier. The P/T ratio reaches 83% at 1 MeV and 36% at 10 MeV (see Fig. 1 ). The energy resolution (FWHM) was measured close to 11% at 662 keV, from which it can be deduced that ~600 photoelectrons are collected at the first stage of the photomultiplier per MeV deposited in the crystal. Above several hundreds of keV, the anode signal is characterized by a rise time of 30 ns and allows a time resolution less than 2 ns after a constant fraction discriminator module. For energies lower than some hundreds of keV, the low statistics of photoelectrons combined with the low scintillation decay time (300 ns) degrade the anode signal shaping and increases the time resolution. Figure 1: Peak to total P/T ratio for different kinds of Φ2 in. × 2 in. γ-ray detectors versus incident γ-ray energy. The P/T ratio for a 3 in. × 6 in. BGO detector is also plotted (GEANT 3.21 calculation).
In the range of interest, the pulse height response was found to be remarkably linear with energy and the peak resolution varies with the energy square root. In operating conditions, the neutron background induces 73 Ge(n,γ) 74 Ge capture reactions taking place inside the BGO crystal. This leads in the background spectrum to a peak at 10.19 MeV, corresponding to the 74 Ge neutron binding energy evacuated by all capture γ-rays. The peak allows monitoring online the overall gain, along with dedicated radioactive source runs.
In order to deliver an absolute emission spectrum of the prompt fission γ-rays, the full-energy peak efficiency must be known in the entire energy range. Up to 1.8 MeV, standard radioactive sources are commercially available. Above 1.8 MeV, (α,n) radioactive sources were used : the AmBe source emits a 4.44 MeV γ-ray whose fluence is related to the known neutron one by a factor (~0.6) measured by several authors (see for example ref. [12] ). The Pu- 13 C source emits a 6.13 MeV γ-ray whose fluence is known. To measure the efficiency up to 10 MeV, the 27 Al(p,γ) 28 Si reaction was used : the narrow resonance at 992 keV leads to a γ cascade with emission of 1.778 and 10.763 MeV γ-rays whose emission probability ratio is known with an accuracy of 1.2% [12] . This ratio then allows to deduce the efficiency at 10.763 MeV from that at 1.778 MeV. The AmBe and Pu-13 C sources were recalibrated to within 5% using the 992 keV resonance decay γ-ray spectrum measured with a HPGe detector. Finally a full-energy peak efficiency curve was derived from 0.0595 up to 10.763 MeV as shown on Figure 2 . It can be noted that the efficiency at 10 MeV is only 2.5 less than that at 1 MeV. A quite good agreement was found with the Geant 3.21 calculation. Additional points are planned to be added, especially between 0.1 and 1 MeV. 
"First results"
A measurement of prompt γ-rays emitted in the spontaneous fission of 252 Cf was carried out. An active scintillating target [7] with 252 Cf (180 fissions s -1 ), coupled to a Hamamatsu H10580 photomultiplier, was used and located 90 cm apart from the BGO detector. The time-of-flight distribution for BGO pulse heights corresponding to γ-ray energies greater than 1 MeV is shown in Figure 3 , the full width at half maximum of the γ peak was 4.2 ns. At lower energies, it increases up to 6.6, 9.2, 12.2 and 17 ns for 0.5-1, 0.3-0.5, 0.2-0.3 and 0.1-0.2 MeV γ-rays. The count rate of the prompt γ-rays in the BGO at 90 cm was ~3 per 1000 fissions. The counting lasted a week and allowed to acquire 3 ×10 5 events and 2 ×10 4 events above 2 MeV. Above 0.3 MeV, integrating the peak around ±18 ns allowed to reject more than 99.9% of the prompt neutrons, assuming a Watt spectrum with A=1.093 MeV -1 and B=2.3075 MeV -1 [8] . Between 0.2 and 0.3 MeV, a cut of ±22 ns allowed to reject 99.7% of them, and between 0.1 and 0.2 MeV, a cut of ±30 ns allowed to reject 93.3% of them. A greater flight path is necessary to improve the neutron rejection at the lowest energies. The energy-calibrated pulse height spectrum normalized per fission and divided by the full-energy peak efficiency curve is given in Fig. 4 ; the spectrum published by Verbinsky et al. is also plotted. The distortion of the emission spectrum shape as measured with the BGO detector was calculated with the GEANT 3.21 code. Up to 8 MeV the Verbinsky spectrum was used as emission spectrum, and from 8 up to 20 MeV, the Van der Ploeg [13] one normalized to the Verbinsky one between 2 and 8 MeV. The calculation indicated that the measurement with the BGO detector should overestimate the emission spectrum by 10-20% between 0.5 and 2 MeV and by ~30% between 2 and 10 MeV. Above 0.5 MeV, the experimental spectrum would then be expected to be an approximation of the emission spectrum to within less than several tens of %. We observe in Figure 4 that the amplitude of the measured spectrum is greater than that of Verbinsky by ~40% between 1 and 5 MeV, by ~10-20% above 5 MeV.
On one hand the BGO P/T ratio is quite high, on the other hand, the emission spectrum is exponentially decreasing above 0.7-0.8 MeV so that the spectrum shape distortion is finally small above this energy as we can note in the figure. Hence, the correction to apply to the measured spectrum in order to obtain the emission spectrum is small and this ensures a small uncertainty in the final result.
In fast-neutron induced fission, a ionisation chamber with several grams of 238 U was used. In the chamber one hundred plates are covered on each side with 1.7 mg 238 U cm -2 over a diameter of 7 cm. The plates are separated by 1 mm. The plates are assembled in five groups delivering each a signal read by a preamplifier. An Ortec 142C charge-preamplifier was used. The fission chamber was placed in such a way that the first plate was situated at 15 cm from the neutron production chamber. Two measurements were done: a first one at 1.7 MeV incident neutron produced by the 3 H(p,n) 3 He reaction with 2.5 MeV protons, and a second one at 15.6 MeV neutron produced by the 3 H( 2 H,n) 4 He reaction with 400 keV deuterons. The fission rate reached 100 and 400 fissions/s in the first and the second case. The BGO detector was at 90 cm apart from the fission chamber and at 90° from the beam line axis. The neutron beam was not collimated and the BGO detector had to be shielded against incident neutrons which mainly undergo inelastic scattering in the BGO crystal, for example on 209 Bi leading to a prominent peak at 896 keV. The shield between the neutron production target and the detector was built with 20 cm iron, especially efficient for 15.6 MeV neutrons, followed by 10 cm CH 2 and 10 cm Pb. With that shielding, the high energy prompt fission γ-rays cannot be extracted from the background originating from neutron capture inside the BGO crystal (essentially on Ge nuclei) consisting in γ-rays with energies up to ~8 MeV. To reduce this background the BGO detector was surrounded with a boron loaded plastic material. The 10 B(n,α) 7 Li reaction is very efficient to sharply diminish the flux of low-energy neutrons and then the capture rate inside the BGO. The only counterpart of the reaction consists in the emission of a 477.6 keV γ-ray which added to the low-energy background in an energy range where the signal to background ratio is nevertheless quite good.
In the pulse height spectrum from the fission chamber, the discrimination was quite good between the alphas and the fission fragments. The time resolution of the γ-peak in the time-of-flight (tof) spectrum was 17 ns for all γ-ray energies and 12 ns for γ-ray energies greater than 1 MeV. The pulse-height measured with the BGO detector associated with the fragments and within a cut of ±18 ns around the γ-peak in the tof spectrum is given in the Figure 5 for both incident energies. All neutrons with energies less than 8.3 MeV are rejected, and a rejection of 99.5% of the prompt fission neutrons is ensured considering the same hypothesis for the neutron spectrum shape as in the case of 252 Cf spontaneous fission. About 5 ×10
4 prompt γ-ray events were acquired within a counting time of 9 hours at 15.6 MeV incident neutron and of 20 hours at 1.7 MeV incident neutron. γ-ray energy (MeV) Figure 6 : Prompt fission γ-ray spectrum from 2 to 9 MeV (before unfolding) for 1.7 (triangles) and 15.6 MeV (circles) neutron induced fission of 238 U. The functional proposed by Hotzel et al. [14] for the evaporation spectrum is used to fit the experimental data (see text).
Above ~2 MeV, the spectrum slope is softer in the case of the 15.6 MeV neutron-induced fission than in the case of the 1.7 MeV neutron-induced fission. A factor of up to 8 is observed in the spectrum amplitude around 8 MeV. This effect could be attributed to the difference in excitation energy of the fissionning nucleus that gives different temperatures to the fragments. Hotzel et al. [14] proposed the following form for the evaporation spectrum : (E γ ) x .exp(-E γ /kT), with x=3 to 4. A fit with this functional from 2 up to 10 MeV gives x values of 3.3±0.2 and 4.4±0.2 for 15.6 MeV and 1.7 MeV neutron-induced fission, respectively (see Fig. 6 ). The extracted temperature is 1.26±0.05 MeV and 1.04±0.03 MeV, respectively. For the spectra measured by Verbinski et al., the values are x=3.6 and kT=1.19 MeV for the spontaneous fission of 252 Cf, and x=5.0 and kT=0.99 MeV for the thermal fission of 235 U. A comparison of the measured spectra to a calculation from a fragment deexcitation model would be interesting.
Conclusion
New experiments were performed to measure the absolute prompt fission γ-ray spectrum and led to new results in fast neutron-induced fission. First results in the case of fast neutron-induced fission of 238 U have been reported for 1.7 and 15.6 MeV incident neutrons. They indicate a rather strong dependence on the excitation energy of the spectrum shape above 2 MeV. Calculations from fragment de-excitation models would be welcome to compare and discuss the experimental results. More statistics will be acquired soon and measurements for other incident neutron energies are foreseen. Other isotopes are also planned to be used. An unfolding method of the detector energy response will be studied in the near future to complete the method and achieve the absolute emission spectrum.
